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ABSTRACT

We proposea new chemicaldetectiontechniquein which an analyteOgibrationalfrequenciesare interrogateddirectly using an array of
nanomechanicaesonatorsThisOnanomechaniaasonancepectroscopy(NRSYouldpermitlabel-freechemicabletectioncombiningthe
high sensitivityof nanomechanicapproacheswith the high selectivityof traditionalspectroscopyA computationaproof of principleis
presenteddemonstratinghe centralconcept:exploitingresonantexchangeof vibrationalenergyfor chemicalidentibcationGuidelinesor

experimentatealizationof NRSare discussed.

The ability to quickly andaccuratelydetectthe presencef
a givenbiological or chemicalanalyte,whethergaseouor
in solution, remainsone of the mostimportantchallenges
for a range of applications,from chemical sensingfor
homeland security to biomolecular recognition. Spectroscopic
techniquessuchas Raman,infrared, and nuclearmagnetic
resonancespectroscopyavethe greatadvantageof being
Oabel-freeQ that is, they require no preconditioning in order
to identify a given analyte. In addition, such approaches have
the advantageof being highly selective,capableof distin-
guishing speciesthat are chemically or functionally very
similar. Yet, despitethesebenebtsspectroscopienethods
face enormous challenges in measuring dilute concentrations
of an analyte (without a puribcation step such as by gas
chromatography)ynd generally involve the use of large,
expensiveequipmenthat requirea laboratorysetting.
Recently, different approaches to chemical detection have
beendevelopedthat exploit nanomechanicaphenomena,
relying on simple scalinglaws to achieveremarkablyhigh
sensitivities. These mechanicalsensorsdetect either the
surface stres$? or the changein resonantfrequency as
analyte molecules bind to the surface of a nanoscale
resonatorUsing the latter approachattogramsensitivity at
room temperaturé* and zeptogransensitivity at cryogenic
temperatureiave beenachieved.Recently,subzeptogram
sensitivity was demonstrated at room temperature using Peld
emission from avibrating carbon nanotube.” Y et, despite the
exceptiona sengtivitiesof thesegpproaches, highsdlectivitys one
of the key advantagesof optical spectroscopy remains
extremelydifbcult. Typically suchdetectorsarefunctional-
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ized with a coating that selectively binds to adesired analyte;
however, the development of this functionalization chemistry
canbe costly andtime-consumingandresultsin a detector
thatis limited in whatit candetect.

In this Letter, we propose a new form of experimenta
detection that is based on probing the vibrational modes of an
anayte molecule with nanomechanical resonators. Using mo-
lecular dynamics smulations, we demongtrate that this approach
has the potential to combine the ultrahigh sengtivity of
nanomechanical mass sensing with the superior selectivity and
label-free aspect of optica spectroscopy. The centrd idea in
this approach is to take advantage of resonant exchange of
mechanica energy at the nanoscale, which exploits the fact that
the phonon spectrum of nanomechanical probes is com-
mensurate with the frequency ranges of the vast mgjority of
analytes. Concomitantly, one obtains the same benebts of
scaling leading to ultrahigh sensitivities. Our caculations show
that the underlying requirements needed for this form of
detection can be achieved, namely, (1) the analyte efbciently
transfers mechanical energy resonantly with the probe, (2) this
energy transfer produces an experimentally measurable signal
in the probe, and (3) an appropriate distribution of probe
frequencies can be experimentally redlized.

To make a nanomechanical resonance spectroscopy (NRS)
measuremenbne can imagine undertakingthe following
heuristic sequence. First the vibrational modes of the analyte
moleculesare excitedthermally. A nanoscaleesonatoris
thenbroughtinto Ocontact@ith ananalytemolecule.If the
analyteand probe sharea commonvibrational frequency,
energywill beexchangedetweerntheresonanmodes.The
changein this vibrational energyin the proberesonatoris
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Figure 1. A schematicomparisorof NRSwith traditionaloptical

spectroscopyPanel(a) depictsin very generaltermsan optical

spectroscopynethod,in whichthevibrationalmodesof ananalyte
areinterrogated with alaser. Electron- phonon coupling transduces

the illuminating radiationand the measuredpectrumthat results
is usedto identify the analyte.Panel(b) depictsthe proposedNRS
methodin which a heatedanalyteinteractsdirectly with a series
of nanomechanical probe resonators. If a probe isin resonance with

a vibrational mode in the analyte, then vibrational energy is

exchangedthus,the analyteexcitesa uniquechordin the arrayof

probeswhich canbe usedto identify it.

measured and recorded. This procedure is then repeated with
abattery of probe resonators, each with different frequencies
to build up a histogramof the namomechanicaksponsef
the analyte. As with optical spectroscopy, to identify the
analyte,the NRS histogramis comparedwith a library of
response$or known substances.

In conceptNRS s very simpleandmay be thoughtof as
bringing an analyteinto contactwith a seriesof nanoscale
OtuningforksOand listening to the Ochord@hat is excited.
Figure 1 showsconceptuallythe NRS, and its comparison
with optical spectroscopy. The feasability of the fundamental
principal underpinninng NRSs resonant exchange of molec-
ular vibrationalenergy is demonstratech this work using
a dimer moleculewith varying frequenciesas the analyte
and a carbonnanotubeas the probe. Classicalmolecular
dynamicssimulationsare performedto measurejn detail,
the transferof vibrationalenergyfor this system.

The simulations are performedin the microcanonical
ensemblewith the dimer initially stretchedsuchthat upon
releasats meantemperaturés ! 1100K. The(10,0)carbon
nanotubes in its ground-statgeometrywhenthe stretched
dimer is placedrandomly alongsidethe tube. Interatomic
interactions were modeled using Brenner(3 second generation
reactiveempirical bond order potential(REBO)? in which
the van der WaalOgvdW) interactionis treatedwith a
Leonard-Jone§-12 potential.Previouswork demonstrated
the validity of using the REBO potentialfor studyingthe
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Figure 2. Simulation results for (10,0) CNT resonanceprobe
interacting with a 10 THz dimer. Panels (a) and (b) show
respectivelythe initial and bPnal conbguration®f the system.In
panel (b) the internal displacements within the CNT have been
artibcially amplipedto showthatit is a Rexuralmodein the tube
which hasbeenprimarily activated.The surfaceplot in panel(c)
showsthe evolutionof the spectrumof vibrationalmodesexcited
in the probe. The excited energy density includes both the potential
andkinetic contributionsto the vibrationalenergyof eachmode.

transferof vibrational energy betweenweakly interacting
resonatorskor eachsimulationthe carbonnanotubgCNT)
contained 400 atoms periodically repeated along its axis, and
the equationsof motion were integratedusing the velocity
Verlet algorithm with a time step of 0.1 fs, limiting

Ructuationsin the total energy to lessthan 10 7 of the energy
of the system. In order to monitor the excitation of the probe
in the presenceof a given analyte, the energyin each
vibrational mode of the CNT is computed at every time step,

by projectingthe atomicdisplacementandvelocitiesof the
CNT onto eachof its eigenvectorsyhich are computeda
priori usingthe frozen phononmethod*®

Whena simulationis initiated, the vibrating dimer exerts
an oscillatory force on the CNT via the van der WaalOs
interaction, driving the tube vibrational modes and transfer-
ring energyinto them.As the dimeris weakly boundto the
tube, it alsoundergoes slowerbouncingoscillationon the
tube surface,causingthe dimer to migraterandomlyalong
the tube. Figure 2 showsthe evolution of the spectrumof
vibrationsexcitedin a CNT thatis in contactwith a dimer
tunedto oscillateat 10 THz. At eachtime-stepthe excited
spectrumis computedrom a sumof LorentzianOsentered
at eachmodeandweightedby the modeenergy.
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It can clearly be seenfrom Figure 2 that for a 10 THz
analytemostof the vibrationalenergythatis transferredo
the CNT occupies modes with frequencies closest to 10 THz,
i.e., modesin resonanceavith the dimer. This demonstrates
that information about the vibrational frequency of the
analyteis communicatedo the probeandremaindocalized
in frequency for an experimentally measurable duration. The
dissipation of energy in the excited mode in the tube is small
asthe tube wasinitially at 0 K. Simulationsin which the
tube hasan initial backgroundemperatureshowthe same
qualitative behavior although with increased dissipation from
the excitedmode.

It isinteresting to note in Figure 2 that the resonant modes
in the CNT becomeexcitedovertheinitial 10- 20 psof the
simulation and does not appear to continue gaining signibcant
energyover the subsequen80 ps, eventhoughthe dimer
remainsconsiderablyhotter than the nanotubeand is still
boundto it. Simulationsout to 1 ns showthat the energy
doescontinueto rise slowly. This behaviorarisesbecause
while it is vibrating, the dimer also slowly meanders
randomlyoverthe surfaceof the tube,resultingin a drift in
phasespaceof the oscillatory force felt by the tube. This
continuousdephasingf the driving force (from the dimer)
andthedrivenmodein the probereducegherateof energy
transferresultingin a long transfertime. The long duration
of energytransferthatwe observampliesthatthe resonator
will remain excited for nanoseconds, even if the quality factor
of the proberesonatoris poor. Thus, measurementf the
probeenergyis limited by the intensity of the excitationto
be detectedatherthanthelengthof time availableto detect
it. Another interesting feature in Figure 2 is the small
excitationof modeswith twice the frequencyof the dimer,
indicating that an anharmonic interaction is rectifying
(frequencydoubling)the force that the dimer exertson the
tube.

In orderto testthe frequencysensitivity of the probe,we
repeated this calculation for a sweep through dimer frequen-
cies betweenl and 50 THz in 0.25 THz intervals (i.e.,
spanningmostof the phonondensityof statesof the CNT).
For each case the dimer was set such that its mean
temperature was 1100 K and again brought into contact with
the CNT. The energiesin all of the phononmodesof the
tube were evaluatedas a function of time (asin Figure 2),
and for eachsimulationa measureof the responseof the
CNT nanomechanical resonance probe was taken by averag-
ing its excitedspectrumover the Pnal 10 ps. By repeating
the simulationswith dimers of different frequencieswe
obtain a scan of the responseof the probe to analytes
spanning its entire frequency range, the brst 20 THz of which
isshownin Figure 3. The fact that the CNT response surface
is excited primarily along the diagonalin this plot shows
that the excitation of the probe remainsresonart that is,
sharply localized at the dimer frequency for all analyte
frequencies. Thisresult represents acritical proof of concept,
important for afunctional NRS: it ensures that when a strong
signalis detectedat a particularfrequencyin the probe, it
correspondso the presencef a molecularvibrationin the
analyte of the same frequency; modes in the probe are clearly
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Figure 3. Scan of the excitation response of a CNT nanomachanical
resonanc@robeto molecularvibrationswith frequencieoverthe
entire frequencyrangeof the CNT. Only the brst20 THz of the
scanareplotted,astheresponsef the probeat higherfrequencies
was negligible. The response spectrum of the probe for each analyte
frequencyis an averageof the excited spectrumbetween90 and
100 ps of the simulation.

not stronglyexcitedby anoff resonantinalyteasevidenced
in Figure 3. Moreover,the presencef the analytedoesnot
strongly alter the frequency of the modes of the CNTs which
would blur the frequencyspecibcityof the probe. Unlike
masssensingapproachesvhich rely on the analytebinding
causinga frequencyshift in the resonatorherethe analyte
is only very weakly boundto the probethroughthe vander
Waal @ interaction which vitiates the effects of mass loading.
While weakbinding of the analyteto the probeis likely to
be necessary for NRS, it should be noted that it is consider-
ably more straightforward to QunfunctionalizeOa resonators
making it nonselectivelyless bindings than to tailor a
functionalizationcoatingto bind selectivelyto a particular
molecularspecies.

A secondobservationfrom Figure 3 is that the probe
detects molecular vibrations over awide range of frequencies
and that the diagonal band of resonant response of the probe
is not uniform but peakedat frequencieswhere there are
more modesin the tube that can couple to the dimer.
Consequentlythe single CNT is acting like an array of
resonance probes distributed according to its phonon density
of states,andif a more complicatedmoleculewith many
vibrational modeswereto interactwith the probe,eachof
themoleculeOsequenciesvould be excitedin the probe.If
one could experimentally monitor simultaneously the excita-
tion of all the modesof a tube, thenwe would be able to
identify the analytewith only a singletube.Of course|if it
werepossibleto monitorall phononmodesof the CNT, we
would also be able to measurethe modesof (and thus
identify) the analyte, and so the NRS would be unnecessary.
The dramaticsimplibcationuponwhich the NRS depends
isthat one only requires the ability to measure the excitation
of asingle particular vibrational mode of a nanoscale object.
With the ability to detectthe excitationof a singleresonant
modein a nanomechanicglrobe,onecoulduseanarrayof
resonant probes, each tuned to a different frequency, in order
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Figure 4. Low frequencyportionof theintegratedesponsef the
nanomechanicaksonancg@robe! (o) (redline), the PDoS,Hw),
of the tube (blackline), andthe convolutedPDoS,w™ 2Hw) (blue
line). The scalingin they directionis arbitrary.

to interrogate an analyte. The combined frequency informa-
tion from eachof the probeswould makea uniquesignature
(like the notesin a chord)and could be useto identify the
vibrationalfrequenciegpresentin the analyte.

The detectioncapabilitiesrequiredto measurehe excita-
tion within a probe will vary greatly dependingon the
frequencyrangeof interestandthe particulardesignof the
resonance probe. We note that there are a number of exciting
developmentsin experimental nanoscal e characterization that
could provide enabling technologies for an NRS method. For
example, the technological goal of ultrasensitive mass
measuremenhas driven the developmentof numerous
methoddor sensingvibrationsin the fundamentamodesof
nanomechanicaksonatorsisingcapacitancé! piezoresist
ance!? atomicforce microscopy:® > andbeldemission’
In addition, the racefor the quantumlimit of mechanical
detection has spawned ultrasensitive position detectors using
single electrontransistors.’:'8 Also, methodsof cooling an
individual mode of aresonator below the thermal background
of the restof its modeshavebeendeveloped? 2! Finally,
scanningnear-beldspectroscopgannow identify localized
nonmechanicavibrational modesof a systenr?

Giventhe necessityof monitoringthe activity of a single
modein eachresonanc@robe,presumingonehada choice,
which modeshouldone measureAs the excitedresponse
of the CNT to the dimeris (largely) resonantscanningthe
dimer frequencyhassampledthe tubeOsibrational density
of stategPDoS)weightedby the efpciencywith which the
energytransfersThus,we canwrite the responsespectrum
of the probe! (w) ) o(w) Hw), whereHw) is the density
of vibrationalmodesin thetubewith frequencyw ando(w)
isameasure of the efpciency with which adimer resonantly
exchange®nergywith modesin the tube of frequencyw.
The CNT response spectrum, ! (w), is computed by integrat-
ing theresponseurface(Figure 3) overthe dimerfrequen-
cies. Previouswork® has shown that the rate of resonant
transferof energybetweenmodes(or their transmittance,
o(w)) is inversely proportional to the square of their
frequency.Figure 4 showsthe broadbandesponseof the
CNT resonanceprobe (red), the CNTOsdensity of states
(black), and this density weighted by 1/w? (blue). The
collapse of the datais excellent, illustrating the general nature
of this result.

The 1/w? dependence on the sensitivity of the probe to a
molecular vibration implies that the tubes are effectively self-
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Figure 5. Mode frequencyfor families of nanoscalebjects.The
dataplottedin red andblue at high frequencieshowrespectively
the frequency of the lowest frequency mode and the breathing mode
for fullerenesas a function of their diameter.The dashedblack
line showsthe frequencyof the radial breathingmodefor CNTs
asa function of their diameter(with dataplotted usingthe btting
formulaw (cnr 1)) 2446%nm)from Eklund andDresselhaus).
The shaded region plotted at lower frequencies shows the frequen-
ciesof thelowestfrequency3exuralmodeof single-walledCNTs
asafunction of length for arange of stable chirdities and diameters.
The mode frequenciesfor both the fullerenesand CNTs were
calculatedusingthe REBO potential.

Htering. This property can be used advantageoudy and can help
set some guidelines for the redlization of a working nanome-
chanical resonance spectroscope. The most sensitive sampling
frequency of each probe resonator isits|owest frequency mode;
thus one should design the spectroscope so that one can monitor
the occupation of this mode in each of the probesin the array.
Additionaly, this self-Pltering property may relax the stringent
energy detection requirements of an NRS probe. Knowing that
ananoscale object transfers heat most strongly through its lowest
frequency mode means that one could ssimply monitor the total
heat 3ux through a resonator, given that alarge increase in the
thermal 3ux comes from interactions with hot molecules with
molecular vibrations in resonance with the fundamental mode
of the probe. This one guideline vastly simplibes the process
of selecting nanoscale objects to act a probe resonators, by
choosing families of objects with controllable geometries that
change the fundamental frequency. Several examples of this
are fullerenes where the radius of the fullerene determines the
frequency of its breathing and (3attening modes or the funda
mental mode of a suspended or cantilevered nanowire or
nanotube, determined by length and radius. By way of example,
the lowest frequency modes for fullerenes and the RRexura
modes of CNTs are plotted as a function of their tuning
dimension in Figure 5. It can be seen that together these modes
spannearly 3 decadesn frequencyspaceandthus,if used
as nanomechanical resonance probes for NRS, could poten-
tially permit detectionof a wide rangeof molecularvibra-
tions. One could envisionseveralNRS device setups;for
example,a seriesof CNTs of differing length (or radius)
suspendedver a trench, similar to the stringsin a harp.
Alternatively one could pass analytesthrough holes in
graphenanembranesr oversubstratesoatedn fullerenes
of different radius.The designof a practicalNRS is more
limited by capabilitiesfor detectingthe excitation of a
vibrational mode than the ability to fabricate nanoscale
devices.

In conclusion, we have proposed a novel form of chemical
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detection (and characterization) that combines the advantages
of mechanicathemicalsensingnethodswith the label-free
ability of traditionalspectroscopicnethodsWhile thereare
practical hurdles which must be overcome in order to redlize
experimentally a successful NRS, using the specibc example
of adimer and aCNT, the results described here demonstrate
the underlying principle of the device. The simulations revesl

that energyis resonantlyexchangednto specibcmodesof

the probeCNT andthatthis energycanremainlocalizedin

frequencybefore dissipatingto other modesof the tube.
Moreover, our work indicatesthat strong excitation of a
mode is only due to resonantinteraction, and thus the
measured signal in a resonance probe is unique and

meaningful.Beyondthe proof of principle, it is found that
probesare not uniformly sensitiveto molecularvibrations
but areself-blteringandthatthis behaviorcanbe exploited
to simplify the construction of a functioning nanomechanical

resonancespectroscope.
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